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To objectively diagnose acute MI, at minimum 2 of 3 elements need to be present: (1) clinical symptoms consistent with myocardial ischemia, such as chest pain; (2) electrocardiogram (ECG) changes consistent with myocardial ischemia, such as ST-segment elevation or depression; (3) a new rise (or fall) pattern of a cardiac biomarker, preferably cardiac troponin (cTn). Because myocardial ischemia after noncardiac surgery is often silent, the diagnosis of acute perioperative MI relies greatly on the detection of new cardiac biomarker elevation. [2] [3] [4] Until recently, cTn assays were relatively insensitive from an analytical perspective and preoperative cTn values were mostly undetectable, thus making it impossible to measure actual cTn change values. However, the recent development and introduction of high-sensitivity cTn (hscTn) assays changed this: several studies have now shown that hscTn values can be measured before noncardiac surgery. [5] [6] [7] We thus hypothesized that the increased sensitivity of novel hscTn assays would increase the detection of postoperative cTn elevation. It is however unknown, if this would also translate into an increased detection rate of acute postoperative MI.
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A secondary aim of this investigation was to compare various absolute and relative hscTnT change metrics, ie, comparing the difference between preoperative and peak postoperative hscTnT. 9, 10 The principal reason for investigating hscTn change metrics is their successful application in rapid rule-in/rule-out MI protocols in emergency department setting, where the introduction of hscTn has profoundly changed how acute MI is diagnosed in patients presenting with acute chest pain.
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METHODS
Study Design and Population
Patients were originally enrolled in the VINO Trial (Clinicaltrials.gov number NCT00655980). 8 In brief, the VINO trial was a double blind, randomized, placebo-controlled, single-center trial that evaluated if patients carrying the MTHFR C677T or A1298C gene variant had higher risk for perioperative myocardial injury and infarction after nitrous oxide anesthesia for major noncardiac surgery, and whether this risk could be mitigated by B vitamins. The original trial was negative for any effect on postoperative myocardial injury and infarction. The VINO trial enrolled 625 patients, with elevated cardiac risk, scheduled for major noncardiac surgery. For this ancillary study, 605 patients with baseline high-sensitivity cTnT (hscTnT) and at least 1 postoperative hscTnT measurement were included in the analysis. This study was approved by the institutional review board at Washington University in St. Louis.
Measurements
Biomarker Assays. HscTnT measurements were collected at predefined time points: baseline (within 2 hours before surgery), end of surgery (within 30 minutes after arrival in the postanesthesia care unit), postoperative days 1, 2, and 3, or until discharge. HscTnT was processed on the Roche Elecsys 2010 analyzer (limit of detection: 5.0 ng/L; 99th percentile: men: hscTnT ≥ 14.5 ng/L; women: hscTnT ≥10 ng/L; 10% coefficient of variation at 13 ng/L). 16, 17 All hscTnT cutoffs used sex-specific reference values for the 99th percentile. The preoperative value was the baseline value, and the postoperative hscTnT peak was defined as the highest postoperative hscTnT concentration on any follow-up day. cTnI concentrations were also collected over the same time points and were measured on a contemporary non-high-sensitivity assay (Siemens Dimension RxL analyzer [Siemens Medical Solutions, Malvern, PA]; limit of detection: 0.04 µg/L (=40 ng/L); 99th percentile: 0.07 µg/L; 10% coefficient of variation at 0.14 µg/L). The contemporary cTnI values were used for clinical care.
Electrocardiograms. Twelve-lead electrocardiograms (ECGs) were collected at the same time points to correlate with troponin concentrations at baseline, end of surgery, postoperative days 1, 2, and 3, or until discharge. The ECGs were read and analyzed by 2 investigators blinded to biomarker results for signs of myocardial ischemia: Q-waves, ST elevation ≥0.2 mV, ST depression or T-wave inversion ≥0.1 mV in at least 2 contiguous leads. Patients with at least 1 positive ECG finding, at any time in the 72 hours after surgery, were considered positive for myocardial ischemia. Ambiguous cases were resolved by consensus opinion that included the principal investigator.
Outcomes
The primary outcome of this study was acute MI within the first 3 postoperative days, diagnosed according to the Third Universal Definition of MI. The diagnosis required a new postoperative cTn elevation >99th percentile plus simultaneous ischemic changes on a 12-lead ECG and/or clinical symptoms consistent with acute myocardial ischemia, such as chest pain.
1 New postoperative cTn elevation was either determined by a contemporary cTnI assay or hscTnT. If baseline hscTnT was already elevated >99th percentile, a >50% hscTnT rise was used. All patients who developed new postoperative hscTnT elevation were readjudicated for missed cardiac events. MI was also diagnosed when cardiology consultants diagnosed acute MI, and/or by cardiac imaging or coronary angiography. Readjudication included a review of patient records, charts, clinical data to identify missed cardiac events.
Myocardial injury was diagnosed when an isolated new cTn elevation above the 99th% URL (either by cTnI or hscTnT) without evidence of myocardial ischemia on ECG or echo was present. Mortality was assessed at 6 months, 1 year, and 3 years from date of surgery.
Statistical Methods
Adjudicated incidence rates of perioperative MI and myocardial injury were compared between events diagnosed using the contemporary cTnI assay and hscTnT. 18 These incidence rates were then compared to unadjudicated incidence rates obtained using 11 absolute and relative hscTnT change metrics to determine if and by how much incidence rates would differ if only made with biomarker and ECG data (but without clinical adjudication), as most postoperative events of myocardial ischemia are silent.
The following absolute and relative hscTnT change metrics were used: (1) postoperative hscTnT >99th percentile; (2) postoperative hscTnT >99th percentile if baseline <99th percentile; (3) postoperative hscTnT increase >50% from baseline; (4) postoperative hscTnT increase >50% from baseline and 1 postoperative value >99th percentile; (5) postoperative hscTnT increase >100% from baseline; (6) postoperative hscTnT increase >100% from baseline and 1 postoperative value >99th percentile; (7) postoperative hscTnT increase by >100% if baseline <99th percentile, or increased by >50% if baseline hscTnT >99th percentile; (8) postoperative hscTnT increase >5 ng/L from baseline; (9) postoperative hscTnT increase >5 ng/L from baseline and 1 postoperative value >99th percentile; (10) postoperative hscTnT increase >10 ng/L from baseline; and (11) postoperative increase >10 ng/L from baseline hscTnT and 1 postoperative value >99th percentile.
Survival analysis was performed for each hscTnT metric at 6 months, 1 year, and 3 years. For all hscTnT metrics and the contemporary cTnI definition for diagnosis of MI, we used Kaplan-Meier curves and log rank tests to compare patients who had a MI and patients who did not have a MI. A Cox proportional hazards model was used to calculate the hazard ratios for each definition of myocardial injury and infarction by cTnI and hscTnT change metrics. The Cox proportional hazards models were then adjusted for potential confounders of age, sex, race, history of chronic kidney disease, and coronary artery disease (CAD). History of CAD or its equivalent (history of percutaneous coronary intervention or coronary artery bypass grafting) were combined into 1 dichotomous variable to reduce collinearity in the regression analyses. All Cox models were tested using Schoenfeld residuals to assure proportional hazard assumptions were not violated. Statistical methods were performed using Stata Version 14.0 (StataCorp, College Station, TX). All tests were 2 sided; results were not adjusted for multiple comparisons and a P value <.05 was considered statistically significant.
RESULTS Demographics
The final study population included 605 patients with both baseline and at least 1 postoperative hscTnT value. Surgical procedures included predominantly vascular and orthopedic surgery.
8 Table 1 shows a summary of patient characteristics for the study population based on the clinical diagnosis of acute MI using the contemporary non-high-sensitivity cTnI assay. At baseline, 290 of 605 (48%) study participants had elevated hscTnT above the sex-specific 99th percentile.
Diagnostic Criteria for MI by High-Sensitivity cTnT
In the parent trial, and used as comparator group, 82 of 605 (14%) patients had myocardial injury diagnosed with a contemporary non-high-sensitivity cTnI assay within the first www.anesthesia-analgesia.org
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High-Sensitivity Cardiac Troponin T Improves the Diagnosis of Perioperative MI 3 days after surgery, 31 (5.1%) of whom had an adjudicated MI. Seventy patients (12%) had ECG changes consistent with myocardial ischemia. After readjudication of all patients who developed a new hscTnT elevation above the 99th percentile or a >50% increase compared to baseline if the baseline was already >99th percentile (using the high-sensitivity cTnT assay), 67 patients (11%) were diagnosed with MI, a >2-fold increase in call rate (Table 2) . Among the 67 patients, 1 patient had a ST-elevation MI (1.5%), 57 patients a non-ST-elevation MI (85%), and 9 had unspecific ECG changes (13%); 20 patients (30%) had clinical symptoms consistent with myocardial ischemia and 47 had no symptoms (70%); 8 patients (12%) were referred to coronary angiography and 4 (6%) received a percutaneous coronary intervention and stent.
Based on the absolute or relative hscTnT change metric used, which compared the change between baseline and peak hscTnT, the incidence rate of myocardial injury (isolated hscTnT elevation without evidence of myocardial ischemia) ranged from 12% (n = 73) to 65% (n = 393), a >5-fold difference (Table 2) . Nearly all hscTnT change metrics captured more myocardial injury events than with the contemporary non-high-sensitivity cTnI assay.
Incidence rates of perioperative MI ranged from 3.6% (n = 22) to 12% (n = 74) by absolute and relative hscTnT change metric, when diagnosed in combination with ischemic ECG changes, but without event adjudication, a >3-fold difference. Figure 1 shows Venn diagrams comparing readjudicated MI call rates by hscTnT to the call rates obtained by using absolute and relative hscTnT change metric.
Short-term and Long-term Mortality
Among the 605 study patients, there were 21 (3.5%) deaths at 6 months, 42 (7.0%) deaths at 1 year, and 96 (16%) deaths at 3 years. Table 3 compares hazard ratios for each cTnI and hscTnT change metric, and Figure 2 shows Kaplan-Meier survival Figure 1 . Comparison of MI call rates between cTnI and hscTnT. Venn diagrams depicting individual comparisons of MI call rates between adjudicated hscTnT MIs (blue), cTnI (bisque), and 1 of 11 unadjudicated hscTnT absolute or relative change metric (green). Overlapping areas indicate MI cases that were correctly called by both methods. To the right are cases that were falsely classified as MI (false positives) by unadjudicated hscTnT metric; to the left are events that were missed by the unadjudicated hscTnT metric (false negatives), indicated by the red arrows. cTnI indicates cardiac troponin I; hscTnT, high-sensitivity cardiac troponin T; MI, myocardial infarction. curves for MIs adjudicated by either contemporary cTnI assays versus hscTnT. Patients with new postoperative hscTnT elevation above the 99th percentile, either by absolute or relative hscTnT change metric, experienced up to 5-fold increase in 6-month mortality. This finding was consistent with the 3.4-fold increased risk of short-term mortality seen in MI diagnosed by the contemporary TnI (P = .047, 95% confidence interval, 1.0-12). The association of preoperative and postoperative hscTnT elevation with increased rate of mortality decreased over the 1-and 3-year follow-up periods (Table 3) .
DISCUSSION
High-sensitivity cTn assays have profoundly changed how acute MI is diagnosed. 11, [19] [20] [21] When clinicians rely on contemporary non-high-sensitivity cTn assays, the only available standard in the United States until very recently, the recommendation is to obtain a cTn value at the time of presentation and a second one 6-9 hours later due to the relative insensitivity of the assay. In contrast, hscTn can detect a rising or falling cTn pattern in less than 2 hours with a high degree of sensitivity and specificity to rule-in/ www.anesthesia-analgesia.org
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High-Sensitivity Cardiac Troponin T Improves the Diagnosis of Perioperative MI rule-out acute MI. Over the past 5 years, significant progress has been made in the clarification of rule-in/rule-out protocols for acute MI in patients presenting with clinical symptoms consistent with acute coronary syndrome in the emergency department using hscTn assays. 11, [20] [21] [22] [23] [24] [25] [26] [27] [28] However, scant if any data are currently available for perioperative patients using the hscTn assays. Thus, the goal of this study was to fill the knowledge gap and to determine if the introduction of hscTnT versus contemporary non-high-sensitivity cTn assays would change the incidence rates of detected perioperative myocardial injury and infarction.
In the United States, the current standard cTn assays do not have the analytic sensitivity of hscTn assays and were used in the parent VINO trial to diagnose myocardial injury and infarction. In this ancillary study, these incidence rates (14% and 5%, respectively) were used as main comparator. We then readjudicated all patients with a new postoperative hscTnT elevation >99th percentile, or-if they were already elevated >99th percentile at baseline-a >50% postoperative hscTnT rise for missed cardiac events. After readjudication, the "call rate" increased from 14% to 22% for myocardial injury and from 5% to 11% for MI, about a 2-fold increase.
To determine, how incidence rates of myocardial injury and infarction would differ when only using hscTnT change metric and ECG evidence of myocardial ischemia, but without adjudication, we then compared a total of 11 absolute and relative hscTnT change metrics. These absolute and relative hscTnT change metrics had been proposed in the literature as diagnostic cutoffs for acute MI in patients with acute chest pain presenting to the emergency department. Some hscTnT metrics were too stringent and resulted in lower call rate compared to the contemporary cTnI assay (eg, postoperative hscTnT >99th percentile if baseline <99th percentile), and some were overly broad, such as simply relying on a postoperative hscTnT elevation >99th percentile without comparison to the preoperative baseline value. Most hscTnT change metrics, however, resulted in a markedly higher call rate of postoperative myocardial injury and infarction. However, the call rate may even be higher if clinicians use different approaches. 13 Short-term mortality (6-month) risk was increased 3-to 5-fold when patients experienced a postoperative hscTnT increase and this effect was rather consistent regardless of the hscTnT change metric used. Of note, as we have shown previously preoperatively elevated hscTnT above the 99th percentile, an indicator of elevated cardiovascular risk, was independently associated with both short-and long-term mortality. 5 The multicenter vascular events in noncardiac surgery patients cohort evaluation study showed conclusively that isolated postoperative cTn elevations are associated with an increased risk for 30-day morbidity and mortality, yet vascular events in the noncardiac surgery patient cohort evaluation study did not collect preoperative blood samples and was thus unable to definitively determine if these cTn elevations were new or in a rising/falling pattern. 9, 29 Our study now provides definitive evidence that both myocardial injury and MI detected and quantified by comparing baseline and peak postoperative hscTnT samples markedly influence postoperative cardiovascular outcomes.
The definitive value of the 99th percentile for the hscTnT assay is currently under discussion: we used the published sex-specific values of 10 ng/L for women and 14.5 ng/L for men. 16 However, others recommend higher values, 13 ng/L for women and 20 ng/L for men. Because this is an area of active investigation, reference values may change in the future and thus influence the validity of our results. Furthermore, comparisons to hscTnI assays have not been published and would be very informative, as many hospitals use hscTnI and not hscTnT.
At present, the mechanism underlying postoperative cTn release after noncardiac surgery is unclear, and there may be some pathophysiological differences between early and late increases. In some patients, the mechanism is likely due to supply-demand mismatch and ischemic imbalance in the setting of obstructive CAD resulting in myocardial ischemia. In other patients, however, it may involve mechanism that resembles more stress-induced cardiomyopathy or simple shear stress of cardiomyocytes without coronary flow limitation. In other patients, postoperative cTn may be due to secondary causes, such as pulmonary embolism or sepsis. We believe in our patient population, the majority of events were due to acute myocardial injury or non-ST elevation MI (type II MI), as the exact nature and nomenclature is currently under discussion. 30 Evidence from this study suggests that: (1) it is helpful to obtain a preoperative hscTnT value to determine if a postoperatively elevated hscTnT value is new, and to be able to quantify the extent of myocardial injury; and (2) the use of hscTn assays will be markedly more sensitive in the diagnosis of postoperative myocardial injury and infarction. At present, it is unclear which particular hscTn absolute or relative change metric will be used in the future, but it appears that a >50% increase with at least 1 value >99th percentile may be a good starting point.
This study had several limitations. The patient population and surgical procedures were high risk. Thus, the results of this study may not be applicable to an unselected adult patient population. As one of the most recent guidelines states, recommendations pertain only to patients: (1) 45 years of age and older; or (2) patients 18-44 years of age with known significant cardiovascular disease who undergo surgeries that require at least an overnight stay in the hospital after surgery. 31 In conclusion, this study showed that the use of a novel hscTnT assay-regardless of change metric-will likely lead to an increased incidence rate of diagnosed perioperative MI. Both absolute and relative hscTnT rising patterns have prognostic implications for short-term mortality after noncardiac surgery. E
